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Power generation performance of a photovoltaic module
with triangular-pyramid-shaped concentrator
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Abstract
The objective of this study is to evaluate the power generation performance of the photovoltaic modules with triangular

pyramid shape concentrator. A unit of the pyramid modules have three photovoltaic cells. Therefore, the study

examined various configuration of the circuit in terms of annual power generation with some different shapes of the

pyramid module, and found that the circuit connecting three cells in parallel would be the best for every pyramid

module. This study also investigated the power generation performance of some pyramid modules and compared with

that of a conventional flat module in terms of power generation per cell area and that per installation area. It was

confirmed that it would be possible to design pyramid modules to have better performance than the flat module in both

of two indices. Comparing the improvement with that of light collection performance, the improvement in the power

generation decreases by approximately 5 points in percentage. It is interesting to note that the annual or daily power

generation behavior by pyramid module can be designed when the pyramid shape is selected accordingly.
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(b) Concentration image with incident from east side
Fig. 1 Sun tracking ability with fixed flat mirrors and PV cells

(a) Pyramid-shaped module
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Fig. 3 Configurations of the circuit connecting 3 PV cells

Category Item Value

Material
Reflectance of mirrors 95%

Absorptance of cells 100%

Settings

Location Tokyo

Direction South

Weather Clear sky

Simulation
Period January ~ December

Time resolution 1 hour

Table 1  Simulation conditions for solar concentration

Category Item Value

Specification
Area 24.3×10-3 m2

Current source (Ipv) 8.88 A

Resistance
Series (Rs) 3.5×10-3 Ω

Parallel (Rp) 100 Ω

Diode
parameters

Saturation current (Is) 1.0×10-8 A

Diode factor (a) 1.17

Table 2  Parameters of PV circuit

Fig. 2 Equivalent circuit of a photovoltaic cell
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Fig. 4 Annual power generation per cell area by circuits

(b) 20 December
Fig. 5 Power generation behavior of Case 1 (Circuit #8)

Item Case 1 Case 2 Case 3 Case 4 Flat

Angle
(°)

θ1, θ’1 130 120 110 110 −

θ2 20 70 40 60 −

θ3 50 20 10 10 −

θ’2 10 30 40 40 −

θ’3 60 60 40 60 −

δ (%) 0.0 10.0 20.0 24.1 0.0

Area
(m2)

Cell #1 3.7×10-4 1.2×10-3 1.7×10-3 1.8×10-3 −

Cell #2 3.1×10-3 1.5×10-3 1.1×10-3 8.7×10-4 −

Cell #3 3.7×10-4 1.2×10-3 1.7×10-3 1.8×10-3 −

Total 3.9×10-3 3.9×10-3 4.4×10-3 4.5×10-3 0.54

Installation area
(m2) 7.7×10-3 8.7×10-3 9.4×10-3 9.4×10-3 1.0

Cell area/
installation area

(-)
0.50 0.45 0.47 0.47 0.54
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Table 3  Specification of pyramid modules
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Fig. 6 Power generation behavior of Case 4 (Circuit #8)
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(c) Case 4
Fig. 7 Power generation through one year (Circuit #8)
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Fig. 8 Increase rate of annual power generation compared
with a flat module

Item Case 5 Case 6 Case 7 Case 8

Angle
(°)

θ1, θ’1 150 170 160 150

θ2 40 50 40 40

θ3 60 50 40 20

θ’2 40 40 40 40

θ’3 40 50 50 60

Light
collectio

n
improve

ment
(%)

Cell area 4.3 10.5 14.7 19.5

Installati
on area 50.1 46.6 39.3 18.8

Area
(m2)

Cell #1 8.3×10-4 2.8×10-4 5.6×10-4 8.4×10-4

Cell #2 2.2×10-3 6.8×10-4 1.1×10-3 9.9×10-4

Cell #3 8.3×10-4 2.8×10-4 5.6×10-4 8.4×10-4

Total 3.9×10-3 1.2×10-3 2.2×10-3 2.7×10-3

Installation area
(m2) 5.0×10-3 1.7×10-3 3.4×10-3 5.0×10-3

Cell area/
installation area (-) 0.77 0.71 0.65 0.53

Table 4  Specification of pyramid modules

Fig. 9 Improvement in terms of power generation and
sunlight collection

0

10

20

30

40

50

60

0 5 10 15 20 25

In
cr

ea
se

 ra
te

 p
er

 in
st

al
la

tio
n 

ar
ea

 
(%

)

Increase rate per cell area (%)

Case5P Case6P Case7P Case8P
Case5L Case6L Case7L Case8L

Masahiro KONO and Atsushi AKISAWA

－ 90 －Journal of Japan Solar Energy Society Vol.51, No.4, 2025



7

Fig. 9

4 4.5%
4.5 6% Case 5

5%

Table 4
1.3 1.9

90° 180° 90°

Fig. 10 Case 7
0.8

140° 220° 50° 90°

40° 40°

3

5%

1) Jun Hashimoto, Xue Yanqun, Kenji Otani, Performance and

Characterization Results from Concentrator Photovoltaic Demonstration

Field-test, Journal of the Japan Institute of Energy, 94, 1387-1392

(2015).

2) Sebastijan Seme, Gregor Srpcic, Domen Kavsek, Stane Bozicnik,

Tomislav Letnik, Zdravko Praunseis, Bojan Stumberger, Miralem

Hadziselimovic, Dual-axis photovoltaic tracking system - Design and

experimental investigation, Energy, 139, 1267-1274 (2017).

3) Omar Rafae Alomar, Omar Mohammed Ali, Bashar Mahmood Ali,

Veen S. Qader, Obed M. Ali, Energy, exergy, economical and

environmental analysis of photovoltaic solar panel for fixed, single and

dual axis tracking systems: An experimental and theoretical study, Case

Studies in Thermal Engineering, 51, 103635 (2023).

4) Toshio Matsushima, Shinya Takagi, Concentrating solar module with

horizontal reflectors, Proceedings of the 15th Symposium on

Environmental Engineering, 408, 355-358 (2005).

5) Runsheng Tang, Xinyue Liu, Optical performance and design

optimization of V-trough concentrators for photovoltaic applications,

Fig. 10 Effect of sun position on power generation by
pyramid module (Case 7)

太陽エネルギー－ 91 －Vol.51. No.4

Power generation performance of a photovoltaic module with triangular-pyramid-shaped concentrator



8

Solar Energy, 83, 2154-2166 (2011). 

6) Abid Ustaoglu, Volkan Akgül, Junnosuke Okajima, Performance 

investigation of truncated low concentrating photovoltaic-thermal 

systems with V-trough, compound hyperbolic and compound parabolic 

concentrators, Applied Thermal Engineering, 232, 121028 (2023). 

7) Mohammad Alnajideen, Min Gao, A new configuration of V-trough 

concentrator for achieving improved concentration ratio of >3.0x, Solar 

Energy Materials & Solar Cells, 245, 111877 (2022).  

8) Miguel Barragán Sánchez-Lanuza, Isidoro Lillo-Bravo, Sara Moreno-

Tejera, J.L. Sancho Rodríguez, Jose-Maria Delgado-Sanchez, 

Experimental CIGS technology performance under low concentration 

photovoltaic conditions, Journal of Cleaner Production, 446, 141384 

(2024). 

9) Keisuke Echigo, Analysis of the optical characteristics of parabolic 

trough collectors for solar power generation system, Journal of JSES, 

42(3), 63-72 (2016). 

10) Roland Winston, Juan C. Miñano, Pablo Benítez, Nonimaging Optics, 

467-470 (2005), Elsevier Academic Press, London. 

11) Ralf Leutz, Akio Suzuki, Atsushi Akisawa, Takao Kashiwagi, Design of 

a nonimaging Fresnel lens for solar concentrators, Solar energy, 65, 379-

387 (1999). 

12) Santiago Bernal-del Río, Gilberto Osorio-Gómez, Influence of an Anti-

Reflective Coating (ARC) with a pyramidal texture on a Building 

Integrated low-Concentration Photovoltaic (BICPV) system, Energy for 

Sustainable Development, 71, 222–237 (2022). 

13) K.P. Sreejith, Tanushree J.B. Nath, Anil Kottantharayil, Comprehensive 

cell to module optical loss analysis of metal assisted chemically etched 

inverted pyramid textured multi-crystalline silicon solar cells and 

modules by ray-tracing method, Solar Energy, 244, 315–321 (2022). 

14) Anxin Li, Shuai Zou, Chen-Wei Peng, Mengfei Ni, Longfei Dai, 

Wangyin Han, Zheng Lua, Zhenzhen Chen, Xiaodong Su, Improving 

the light trapping ability and flexural strength of ultrathin 

monocrystalline silicon wafers with submicron pyramid textures, Solar 

Energy Materials & Solar Cells, 271, 112847 (2024). 

15) Yugo Tanaka, Atsushi Akisawa, Masayuki Nakayama, Non-tracking 

solar concentration performance of triangular pyramid shape with 

mirrors, J. Japan Solar Energy Society, 46(3), 71-76 (2020) 

16) Lambda Research Corporation, Solar Collector Design, and Analysis 

using TracePro, https://lambdares.com/solar-collector (accessed Feb. 

2025) 

17) LTSPICE, https://www.analog.com/en/design-center/design-tools-and- 

calculators.html#LTspice (accessed Feb. 2025) 

18) Md. Nazmul Islam Sarkar, Effect of various model parameters on solar 

photovoltaic cell simulation: a SPICE analysis, Renewables, 3(13) 

(2016). 

19) Nobuo Sato, Ken’ichi Mizuno, A study on output fluctuation 

characteristics due to shading of photovoltaic panel, Report of Ciba 

Iinstitute of Technology, 63, 9-13 (2016). 

20) Vincenzo Stornelli, Mirco Muttillo, Tullio de Rubeis, Iole Nardi, A New 

Simplified Five-Parameter Estimation Method for Single-Diode Model 

of  Photovoltaic Panels, Energies, 12(22), 4271 (2019). 

21) Simon Lineykin, Moshe Averbukh, Alon Kuperman, An improved 

approach to extract the single-diode equivalent circuit parameters of a 

photovoltaic cell/panel, Renewable and Sustainable Energy Reviews, 

30, 282-289 (2014). 

22) A. Rezaee Jordehi, Parameter estimation of solar photovoltaic (PV) 

cells: A review, Renewable and Sustainable Energy Reviews, 61, 354–

371 (2016). 

23) 

19 (2015).

Masahiro KONO and Atsushi AKISAWA

－ 92 －Journal of Japan Solar Energy Society Vol.51, No.4, 2025




